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This report provides a work form and rationale to perfcrm

hand calculations of the radar -ange equation. Th~e techniques described

cover the conven2tional geometric aspects of the radar equations as well

Iq

as the effects of rsin clutter., rain attenuation,, atmospheric attenuation,,
sea and land clutter, and pulse integration for both conventional pulse

and chirp radar. The report is designp" be complete within itselfy
requiring no further texts, tables,, re±er'ences or slide rules.
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In the evaluation of the detection performance of a radar

system, it is necessary to use the radar equat.4 on in one of its many

form=. UIfortmAtely the mixture of imits and the calculation of

clutter effects defy convenient manipulation. However, with certain
simplifying assumptions and limitations, one can develop equations

which can be used conveniently by hand. Mhe calculation techniques

in this report cover the effects of rain clutter, rain attenuation,

atmospheric attenuation, sea clutter, land clutter and pulse inte-
gration as well as the coaventional geometric aspects.

The limiting assumptions are: the depression (or elevation)
angle must be less than 100, the slant range muzt be greater than

3 nautical miles, and the radar and target altitude should be less

than 10,000 feet. These limits are imposed by certain geometric

simplifications. Fbrtunately, the majority of radar applications

"fall well within these limitations.

The goal of this report is to allow an evaluation to be

made without further reference to any aids, including charta, tables
or slide rule. These techniques were originally developed st UMFin order to more fully assess s radar design during meetings and

conferences.

I Other, more general techniqaes, as well as a more com-

plete discussion of many of the parametera and their effect on a

radar eystem can be found in the following NAFTI reports: "Sinplified

Radar Calculation Techniques" NAFI TR-917, and "Computer Aided

Radar Design" NAFI TR-161.

U i
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Most of the calculations in this report use 6ecibels

to facilitate division, multip'ication and root extractlonz.

Numerous simplified tables are included to estimate integration,

jI attenuation and clutter effects. The major radar parameters

calculated include maximum range, integrated signal to noise,

j signal to weather clatter, signal to land clutter and signal to

sea clutter ratio. These ratios may be combined to yield the

integrated signal to noise plus weather plus sea or land clutter

I• ratio for any specifPed range and target.

j IThe calculation of the integrated signal to noise plus

clutter ratio is performed in two parts. The first part uses

j Section A to determine an estimate of the maximum range writhout

any clutter or weather effects. The second part uses Section

B to calculate the integrated signal to noise plus clutter ratio

with clutter and weather effects at a particular range. Most

calculations are in decibels and a foldout decibel to ratio con-

version table is given in Appendix A to help the user. Section A

and section B are work forms for calculation of max.mum range and

signal to noise plus clutter ratio, respectively.Ii
Appendix B presents the mathematical derivation of the

simplified equations used in sections A and B. Appendix C is

an example of the usage of the work forms.

3!
It

i
S|

I



NAFI TR-1554

II. CALCULATIONS

A. MAXIMUM RANGE ESTIMATION
SI i. Single Pulse

PVaJue Units db Multiply Add DParameter Representation By Results

Pk : Peak Power -W +1

: Wavelength cm +2

crT Target RCS M2 +1

G : Antenna Gain db .. +2

L :Losses db~--- -1
B : Bandwidth WIz -1

hF : Noise Figure d- -1" o ,o

V(SIN): Signal/Noise d b -1
Conversion Factor " I-30

by .~ an ;~ s~in is as a i nautical miles SUM 4 : dc be

The maximum range (N mi les) -is obtained by multiplying the SUR decibel
by and expressing this as a ratio:

Maxim= Range Estimation = NMt
2. Comments

a. Chirp Systems

1 (1). Use peak transmitter Dower (as at the antenna)

(2). Use the narrow, unchirped bandwidth

b. Antenna Ga5.n

(1). Ir aperture o.ly is given, see table in Appendix A.
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C. Losses

F. (1). Typical value for search radar 16 db, minimum

value 10 db.

(2). Losses included are:

Minimum db

ILc collapsing 2
L. integrePtion 1

eL gate or filter overlap 0[. e

L thresh•ld 1

Ld scan distribution 1
Lr target 0

Ln antenna efficiency 0
SLm filter matching 1

L0 post detection integration 1

"" L wntenna pattern 1
p

Lr receiving loss 1

Lt transmitting loss 1

L scanning loss 0

Is 1 Sb

F. d. Signal to Noise Ratic 'BIN). Typical value: 12db.

This provides a probability of detection of about 90 percent with a

{ false aI.arm ratio of .0001. For other values see Appendix A.

I.
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e. Noise Figure. The following table gives the minimum

rLoise figures thst may be expected from different types of detectors.

Actual values that may be ejpected from equipment in the field exceed

these values by about 40 percent.

" II
6 -- TTAND

i •" ,i--/ -o ',,,x,.v,-/ •-z -1

DIODEI

too 11(kO ,O000 40.000

Frequency, Mz&

f. PRF Limited Range

~Parameter Value -Unkts J db Mul1t iply Add dbit
I..-. Representation BY Results

PRFE pulses/sec 1-
Conversion Factor p. +49.! b

Udb, Unambiguous decibel range -=

The PIT limited range is the ratio representation of the Unambiguous

decibel range, Udb. Therefore, PRF Limited Range = NM

5
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SI
B. CALCULATION OF (N+C, C/) RATIO

1. PreliminaryInformation for N ) Calculat~ on

Limit-ations: Radar height less than 10,000 feet.

Target height less than 10.,000 feet.

Depression angles less than 10 degrees.

Slant ranges greabter t~han 3 N miles

a. Slant Range, R ____n miles

Radar Height, h _____(100's feet)

TDepression angle,, 0, R (nm-es degrees.

b. Atmospheric Attenuation, A ______db..

~30

0 .... ..2.

tt 1

"~0
10 20 30 40 co 60 70 80 90 100)

Slant Range (N miles)

6
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c. Rain Attenuation

'((
Parameter Value t jUnits A dU

I• R : Range ..... I /hN - Representation _. By+ Results_ _i

[R: Range NM +1
W : Rain Rate + /hr

X Wavelength -2 L
Factor -1.42: I =I

: SUMR :db

Parameterj Value UJnits R~wsnation R
(2) r atio

[II

A SUMRi i i
AR., 2-way Rain Attenuation = ___dh

7I

! A

I ?

1 7 4
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2. Calcule~ton o.' (S/N)i

Parameter Value Units db Multipiy Add db

Pi : Peak Power M +1
x : Wavelength cm +2

Target ROS +
CT

G : Antenna Gai; dl +2
L : Losses db_ -2.

A : Atmospheric db_ . -1
Attenuation

S:AR : Rain Attenuation db .. ... l-1

1-Fo : Noise Figure db _ -i

B : IF Bandwidth MHz -1

R : Range NM -4

Factor _____ -- 30,0

F (~)- ___ db
N 1

b. IntEgration IProvement (Assuming visual PPI detection)

SF•=pulsea/secondL

AZ* - degrees

"SCAN PATE degrees/second

number of Hits/Scan, 1 = (AZ 0) L_ Hits/Scan

(SCAN R~ATE)

'H, (Hiots/Scaf•= i 10 15 20 25 30 4o 50o 6
I, Integration - 6 8.4 9.6 10.5 11.2 11.8 12.6 1nt in db 6 1

Integration Improvement, I = db

_ c. Integrat~ed (S/N)I

j~~~ ( 1~=(~) (db) + ifb db

I14
8t
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3. Calculation o_ ( i

a. Single Pulse (/c

Parameter l luejUnits db Multiply Add db
T eu- Rereaentati-on B ResUts

aT : Target RCS M2 f+1
X : Wavelength cm
W : Rain Rate mmihrl -1.6

AZ : AZ Beamwidth deg. -1

EL : EL Beamwidth deg. -1

T : Pulse Length sec -1

R Range -2 48

Factor +f 4.87__ d_ __ _

___________db

b. Itntegration Vactor

Integration Improvement, 1I, from 2b. =db

c. Pulse Comprension Ratio

Pulse Compression Ratio _____unitless

The Pulse Compression Factor, CR, is the
decibel represenltationl of the unitless
Palso Compressio.n Ratio.

Therefore, Pulse Compreesion Factor, OR _____db

d. Integrated (S/Cw~

-1s%)_ C imb+Ib+ ~ba

w Cw

V

9

II
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/ s

SIi i ,

a. Clutter Reflectivity

U (1). Depression Angle., 0, Ifom la. deg.

Radar Band ____

Clutter Type =

Clutter Reflectivity, a,, from Clutter values Appendix A. = db.

(2). Pulse Compression Effect:

j Parameter Va:.ue Units Multiply Add

I •Results

I oa: Clutter Refflectivity +db -i

ICR : From See. 3e. ,db

01 (EFF), Erfective Clutter Reflectlivity =_-___db.

b. Single Pulse

f Parameter Value Units db Multiply Add d-I j--- Representation by Results

: Target RC3 M 12

-T : Pulse Length Psec -1
R : Range NK -1
AZ : AZ Beamwidth deg.
ao(EFF): From See. db 1 -

Factor - 1
Single Pulse (-S )d

CS/-Lt 1
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C. Integrated( )I

.... (ifrom See. 11%. db
CS/L

"I (From Sec. 2o.) = db

+ I d

5. Calculate ( S+ C + -

a. Calculate "EMergy" Ratio

Parameter Value Units Multiply Add Ratio

aBy .n Retresentation
S(SIN): Section 2c. db -

S(S/C.)i: Section 3d. d -
Ii_•.(S/C!Li Section 4c. d ..-

E, Invere "Energy" Ratio =unitless

N +Cw+ S/ S/i
+Cs )____

Parameter Value Units db Multiply N( •, C
Representation w•I.• S!L

E, See, 5aý unitless -I I

N
w12L
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U APINDIX A

MSiTLIFIED RADAR DATA

L A. Signal to Noise Ratio IVS Probability of Detection

IiS Probability-of' Probability of'1 :• ( + C+ S/L)i SLDetection Falae Alarm

4 a 99 %
g 90.50

80 .25

8 db 99 )30

90 .05
80 .02

"50 .01

12db 99 5 x 10"2

90 10-4
- • ~80 z"

50 2O"7

S16 db 99.9 I0-7

99 10-10

g 90 i013

80 10"14

I
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Ž3, Clutter Reflectivity: %o in db below one dquare meter

Ka Band 35 GHZ Ku Band 17 GHz

Grazing Angle Grazing Angle
Clutter .10 3* 10 3 101 ;Clutter . 3

Seastate 1 43 41 38 Seastate1 47 43 40

3 34 34 31 3 37 3t) 32
Deer 5 31 30 26J 5 39 332 31 262
Desert 22 IDesert 26

Farm Land 23 20 Farm Land 23 23
Wooded 13 19 Wooded 20 20

~~it 1._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ city

X Band IO GHz _C Band 5.6 _ _I_

Cluter Grazing Angle Ciutter Grazing Angle

1.10 .3 10 30 1001 .1 .33 1° 30 100

Seastatel1 65 58 50 45 42lSeastatel1 75 60 53 49 44

3 51 45 39 38 32 356 48 4 40 34
- 5 4 39 31 ; 26 5 48 1 35 33 23

Desert 26 Desert

Parmiand 3 25 IF-armlaad 38 29
Wooded 3C 23 Wooded 35

City 24 1: city

_ - J--i -

S Band 36Gsz L Band 1.25 GHz

Clutter Grazing Angle Clutter Grazing Angle
-Io .3o 10 30 10 .1 .3o 10 30 10o

SSeastate 1 80 62 56 52 1Seastate 1 65 53 54
3 68 1 55 48 43 -134 3 82 54 43 34

5 53 50 38 35128 5 65 43 5140 2
Desert 30 28 Desert 145 4
Fax-miand i 21 kuzland32 3

Wooded ~3 5 Wooded 32 233

City 18 j 1city 30 18

A-2_
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C. ANTENNA CHARACTERISTICS

"1. Beamwidth Calculations

a. Azimuth Beamwidth

( Parameter Value Unit db Multiply Add db

( - - Representation PK Results
Wavelength cm +1

jAn t enna Width ft -1
Conversion Factor - +4-.3 db

Decibel Antenna Beamwidth, AZdb = db

L b. Elevation Beamwidth

Parameter Value Unit db Multiply Add db

Representation By Results
SWavelength f.m +i

Antenna Height ft -i

Converstion Factor +4-.3 db

Decibel Antenna Beamwidth, ELdb db

The antennt. t a-mdth- in degrees are the ratio representation of the

decibel antenna beawidth. Therefore,

__AZ*= degrees

noEL degrees!

2. Antenna Gain Celculation

Ppxameter Value Units db Multip~ly Add db
R Repreentation By Results •

AZ deg. -1

EL deg. -I

Conversion Factor - ..... +44.3db

Antenna Gain, G = db

i:A-3
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DB RAT1O DE"TiO f
6c0 0 ioooooo 1.0

500000 .5

55 300000 -5 .3

50 -000,00 -10 .1

50000 .05

45 30000 -15 .03

40 0000 -20.01

5000 .005

35 3000 -25 .003

30 - 1000 -30 .001

- 500 - 0005
25 30o -35 -. oo03

210 -- 100 -4o .0001

50 .00005
15 30 -45 .00003

I0 10 -50 .00001

-5 Z .000005

5 - 3 -55 - .0o0003

0 -1- -60 .000001 I

A-4
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SIMPFED .MATHRMATICAL DERIVATION FOR (IN + C +C/L

t The derivation of the equations used in this report are in NAFI

°TR-1461. The decibel equation form used is as given in NAVI TR-917.

The following derivations are a summary of some of the equations

in these two reports.

A. SINGLS RjLsE SIGNAL TO NOISE RATIO
x2 (2G L- AR N'o'jl (B.1)

where

S = Signal Power Watts

N = Noise Power Watts

p = Peak Power, kw S= Wavele~gth, cm

1. T =Target RCSj, M2

B = IF Noise Bandwidth, MHz

R = Slant Range, NM

G = Antenna Gain, db A

I L = System Losses, db

AR = Rain Losses, db

A = Atmospheric Attenuation, db i

0 = Noise Figure, db

B. WEATHER CjJMT'ER BACKSCATTER

V1•.6 AoEL' R 2

= 'lL I.32549 (te 2 )

1..

B-I4

BI -3
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LC

~tthneref~ore

Therefore, signal to weather clubter ratio:

IS\6T 3.072
"" 3.02  (B.2)

where:

C = Weather clutter backscatter power, watts[w = Weather clatter reflective area, N2

W = Rain Rate, NM/Hour

AZV = Antenna azimuth beamwidth, degrees
Mi = Antenna elevation beauwidth, degrees

T I= 1 Pulse length, p seconds

C. SEA OR LAND CLUTTER RETUPR1 I

AZ° R 3427.1 10 (0 2L A ss L-r Cos E10

Assume: pulse width limited clutter
Assume: depression angle, E. is less than 100 so Cop, E =1

[" Therefore,

a Z RT1 34i2 7 .1 H

B--
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)_

NA?

/ AzV R 10.•/•' •3

wherej ai CS!L = Sea or land clutter area, M2

CI = Clutter reflectivity, dbV

SE = Depression angle, d-egrees

CS/L Sea or land clutter return, watts

IID. INTEGRATED PI
(N + + cS-/L) j

(S )i lo + I(in db)
: i • CS-/L

where: I = Integration Improvement, db

(1/10NLet: IF Integration Iwprovement Ratio 10 ', unitless

Derivation: Using Equations (B.1), (B.2) and (B.3), the integrated

signal to noise plus weather clutter plus sea or land

clutter ratio may be written as:

S 1 t

N +C + Zw S/L N Wii- s S

B-
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S
N~c ++

(S) (5

w S/L

The Gquation as used in this report is:

SI
( S7 S/L-=Qio T__7 1 .1v

w S/L j

E.DLEHPSION AN~GLE. APPRoX[MATION

[~ RSlant Range, Nmirdles

h = Height, 100's feet
j Depression Angle, Icgrees

thereforeR~fE

let si~n EO E(R

V thberefore

~(Rad) =P- 6" (Rad)

E0' 94-2

r therefore

hElOOts et in degrees

fl N mB-e
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APPENDIXC C

WORK YO USAGE EXMPLE

This is an exmple of usage of the work forms presented in
sections A and B. The calculations are for the perforrnance of a radar

which has the fobJ2owing characteristics.

RADAR PARMETERS

FL 50 k
L: ~ 1,2db

NO: 10 db

X: 3.22 cm (X band)
'Rain: mhuLAntenna: AZ =2 % EL 2-, Gain 38 db

T: 1 psec
1.B: 1 miz

PR?: 1000 pulses/sec

Scan -Rate: 90.0 /sec
Target RCS: 1000 M

Radar1'Height: 6,000 feet

ffeight: 0 feet

Desired Pd: 90% at PFA =10-i

C-1
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n. CAWULATIM

A. MAXIM!14 R;HMGE TIM&TION

1. Sinle Pulse

parameter Value Units dbMultiply Add db
Representation BY Results

: Peak Power 5*0 E1_ { I : wave.en-th 2.271 =CM.'. +2 ÷os

t : Target ECS /RCS2 30db +1 +30A4
a : AntenniaGain r d +

L !Asses 13 d- -1 - 1o5A

O Nois.oje Pguze / --
(s/N): Signal/Noise /6 - bi --
Cn- _ersio Factor I -30

0, nautical wiles R SýJ4d

The maxiwrm range (N miles) is obtained by multiplying the SUM.R decibel

Sby and expressing this as a ratio:

Maxiaran Range Eetimation _ 3

2. Coraents

a. Chirp Systems

(1). Use peak transmitter power (as at the antenna)

A (2). Use the narrow, unchirped bandwidth

b. Antenna Gain

(1). If aperture only is given, see table ia Appendix A.

c-2
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:.
c f. Los se s

i• (1). Typical Vlue for search radar 16 db, Mnmum
value 10 rib.

(2). Losses included are:

Minimum db
Le collapsing 2

Li integration
Le gate or filter overlap 0
L threshold I

Ld scan 4 istribution I
L, target 0antenna erficiency 0

filter matching 1

e post detection Antegration 1

PL antenna pattern I
L receiving los1s 2
Lt transmitting loss 1
Ls scanning lose 0

d. Signal to Noise Ratio (S/I). TyPical value: 12db. 4
This provides a probability of detection of about 90 percent ieth a
false alarm ratio of .0001. ror other values see Appendix A.

I4
C

Ji

I

C-3
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e. Nofse Figure. The following table gives the minimumn

noise figures that mav be expected from different types of detectors.

Actual values that may be expected from equmpment in the field exceed

these values by about 40 percent.

J i... . S

4ý

'.etulilIt IVE

I- Freqency,

V..* Arlo

HIXI 1 11COOIfI'

00ID
f. PBF Limited Range

Parameter Value Units db Multiply Add db

..... .. ___ Representation By Results

F /I00 PuS /sec 3 1 Vrdt -1

Conversion Factor I i +49.2db

Udb, Unambiguous decibel range =+-I db

The PRF limited rar.ge is the ratio representation of the Unambiguous

decibel range, Ldb. Therefore, PRF Limited Range NM

c-4t

U
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/ /

1. ~r1;ximin ary Information for ( Coaculation
C - + C S/L h

Limitations: Radar height less than 10,000 feet.

Target height less than. 10.,000 fe.A..

Radar Height, h * ~ (100's feet)

h (100Is f! teDepression angle, 00, -R Tn zles) degrees.

b. Atmospheric Attenuation., A db

40

-K t

10 20 30 40 50 o 6o 7( 6 x

Slant Rnge (N miles)

( ~C-
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C. Rain Attenuation

1 emeter Value Units db mult Add b
_ Representation BY Results

R :•Range 4./ C7 i +'
W : Rain Rate. m/"d +1

: Waveleno'th 3.fl m. -2

Pactor - _______-1.42

SIN ~~~Ldb

(2)

Parameter Value Unaits . ers~ in[ ARF~t aiu Unts Re~preseuntationR

A., 2-'" Rain Attenuation = db

ri
I
I

I

I

|U



I ] Reresentation PX R*Ju~t•

FT : W- t RC W 30 +1 + 30 4

SL &*Be& 1 db Job

Autenuatin A

V Bnaendg•th r m ati v I2

R ... ... _ .2 b

A : tmoahex~ , d

| •-• •~Attnution U o .i1. I•1. 261. %b. ntrnattenuationn vilpen detection)

11 AZ :bulgur degrees__ -

WAR RAT degrees'setond

amber o isSa,#H=L I db1j1 =_Hts/ca

b. ~~~~Integration Improvement, 1Asmn viulPP eecin

C. la•aed (S/N),.

(SCANN 1AE

C- 7
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3. cralatio: of

Cw,
l. ,~a, Sis:le,. Puls ¢S/C,)3.

IParameter Value un~its dbta~utiply rAdd db
__Revresentation BY Results ___

I ~To~rget RCS 410M j2 .30 0 3.1+s
). Wavelength 3.29 am +4.2d0

W :Rain Rate f /hr db-1.6
AZ :AZ Beamwidth 2 deg. j 3db --
"" E: Beamwidth de. 3 , -1

S r :Palse Length p isee o ~ 1 -1-0
SR:ange 6 d -2 - P

Factor + 4.87

F ~(S/C) 1  Jdc
Iw

b. Integration Factor

- Integration Improvement, I, from 2b. =j__• db

c. Pulse Compression Ratio

Pulse Compression Ratio = I unitless

SThe Pulse Compression Factor, CR, is the

decibel representation of the unitless
Pulse Compression Ratio.

1. Therefore, Pulse Compressior. Facror, CR

(3. Integrated (s/C%ý.

)i CE ) Idb + Idb + CRd.t d b

w w

C-8
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4. Caclt

J - .... s-, .- ,

a. Clutter Reflectivity

(1). Depression Angle, o, frcm la. = deg.

k Radar Band

Clutter T =.ype 5 S 3

Clutter Reflectivity, ao, from Clutter values .Appenir 44 =3q db.

I (?). Pulse Compression Effect:i• l~......... . .........
r- Uneter Multiply Add db

ao : Clutter Reflectivity 39 +-

CR : From Sec. 0-,

I%(EFF), Rfective Clutter Reflectivity _3 db.

b. Single Pulse (', 8)l

EPMrameter VaIUL- Units db t. AddBe--- res ntrt- b-'! _ Results

aT : Target RCS I M2i 3 0 01 +1.oT : Pulse Length: f j

AZ AZ Beamuwidth 2 eg

00(M7F): pro'n 7c.. .31 deg

F a c o r _- 3 5 ,3 5

fSingle RaseSQ Jdci cs/li

I}
St L
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4' i

II

[ gr
SI
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